Although strong evidence supports the importance of their cooperative interactions, microRNA (miRNA)-binding sites are still largely investigated as functionally independent regulatory units. Here, a survey of alternative 3 UTR isoforms implicates a non-canonical seedless site in cooperative miRNAmediated silencing. While required for target mRNA deadenylation and silencing, this site is not sufficient on its own to physically recruit miRISC. Instead, it relies on facilitating interactions with a nearby canonical seed-pairing site to recruit the Argonaute complexes. We further show that cooperation between miRNA target sites is necessary for silencing in vivo in the C. elegans embryo, and for the recruitment of the Ccr4-Not effector complex. Using a structural model of cooperating miRISCs, we identified allosteric determinants of cooperative miRNAmediated silencing that are required for both embryonic and larval miRNA functions. Our results delineate multiple cooperative mechanisms in miRNAmediated silencing and further support the consideration of target site cooperation as a fundamental characteristic of miRNA function.
INTRODUCTION
The short, non-coding microRNAs (miRNAs) regulate gene expression by base pairing with the 3 untranslated regions (3 UTRs) of cognate mRNAs and impinging on their translation and stability (1) (2) (3) . miRNAs are matured from gene-encoded RNA hairpins, are loaded into Argonaute proteins, and then direct effector activities associated with the miRNA-Induced Silencing Complex (miRISC) (4) . For the majority of known miRNA targets in animals, miRNAs hybridize imperfectly to mRNAs, leaving bulges in the heteroduplex. Incomplete base pairing at positions 10-11 of the miRNA prevents the slicing activity of the PIWI domain of Argonautes and instead directs partial translational repression, followed by mRNA deadenylation and de-stabilization (2, 5, 6) . Studies conducted in various species indicate that those effector mechanisms are largely instigated through the activities of the Ccr4-Not deadenylase complex and the co-factors it recruits (7) (8) (9) (10) (11) (12) .
The biological function of a miRNA is defined by the identity of its target(s) and the extent of their induced silencing. Because of the partial nature of base pairing between miRNAs and their mRNA targets in metazoans, the systematic identification of target mRNAs remains a challenge, which still can only be fully answered through direct functional validation. Canonical mRNA-miRNA interactions occur through the 5 region of the miRNA (nucleotides 2-7), a sequence called the seed that is a pervasive determinant in the recognition of target sites in mRNAs (13) . While the quality of seed pairing is one of the most commonly used predictors of silencing output on targets, biologically important sites that do not respect canonical seed base pairing have been discovered for a number of targets (14) (15) (16) (17) . Several alternative modes of target recognition by miRISC have recently been identified, including pivot seed pairing or nucleation bulge (18) , center-pairing miRNA-binding sites (19) , or other less-well defined modes of base pairing (20) . Other mRNA determinants also have an important contribution in target recognition and potentiation of silencing. For example, miRNA binding sites in proximity to the poly(A) tail or the stop codon of the mRNA target are more likely to have a greater impact on silencing (21) .
Several studies have supported the cooperative nature of miRNA-binding sites in silencing. Early genome-wide studies indicated that miRNA-binding sites located in neighboring sequences are more likely to drive silencing than sites separated by more than 50 nucleotides in a 3 UTR (21, 22) . Fully base-paired or bulged seed-pairing sites cooperatively recruit Ago1, Ago3 and Ago4 in mammalian cells (23) . Our own findings indicate that at least two miRNA-binding sites are required to trigger the deadenylation of reporters in a C.
Nucleic Acids Research, 2017, Vol. 45, No. 12 7213 elegans cell-free embryonic system, and juxtaposition of additional sites greatly potentiates this activity (24) . In spite of this evidence, miRNA-binding sites are still overwhelmingly validated and studied as separate, independent regulatory units.
Two distinct mechanisms of miRNA cooperation have been proposed (23) : cooperativity in binding, and cooperativity in silencing. Binding cooperativity entails the recruitment of a first miRISC complex to a 3 UTR that enhances the recruitment of subsequent miRISC units to one or multiple distinct target site(s) through physical miRISCmiRISC interactions. However, the determinants for such interactions are unknown, and how they lead to the potentiation of miRNA-binding site silencing remains unclear. Here, we uncover the properties of a non-canonical miRNA-binding site that reveal multiple, distinct mechanisms of miRNA cooperation. An in vivo survey of modeled cooperative Argonaute-Argonaute interaction interfaces implicates allosteric determinants in the potentiation of miRNA-mediated silencing.
MATERIALS AND METHODS

C. elegans methods
C. elegans strains were grown in standard conditions (25) . For the 2 -O-Me pulldown experiments, embryos were obtained by hypochlorite treatment of gravid adult animals. For double site pulldowns (2 -O-Me miRISC capture), early embryonic preparations were allowed to develop 4-6 h posthypochlorite in M9 buffer to favor later stage embryos and increase Bantam expression. Strains were generally maintained at 16
• C, unless specified.
Genome Editing
Genome editing for the alg-1 variants was done as in (26) . For 3xFLAG tags insertion and miR-35 binding sites insertion, the genome editing protocol was modified from (27) . mRNP complex was assembled with rCAS9 and in vitro transcribed modified sgRNA(F+E) (26) . Injection mixes contained 1.2 g/l CAS9, 300 mM KCl, 12.5 mM Hepes pH 7.4. 50 ng/l dpy-10 sgRNA, 200 ng/l gene specific sgRNA, 13.75 ng/l dpy-10 repair ssODN and 110 ng/l of gene specific ssODN. Approximately 40 germlines of N2 feed with ds-cku80 expressing HT115 were injected for each edition. Preparation of embryonic extracts, and in vitro translation assays were conducted as in (28) .
In vitro transcription, mRNA stability, deadenylation assays and mRNA target cloning performed as described in (24) . Half-deadenylation times were calculated by determining the intersect of the non-deadenylated and deadenylated RNA species over time using polynomial regression (order 2) (R Project), using quantification of autoradiographs with ImageJ. DRIP was performed in triplicates as in (29) , except that anti-FLAG antibody was used for immunoprecipitation instead of anti-GFP. Bound RNA was extracted from the beads using 1 ml of QIAZOL reagent according to the manufacturer's instruction and resuspended in 50 uL H 2 O. 10% of the RNA was immediately reverse-transcribed using GoScript reverse transcriptase (Promega), with 2 mM MgCl 2 and 0.2 M of gene specific primer for 5 min at 25
• C, 1 h at 42
• C and inactivated at 75
• C for 15 min. The cDNA was diluted 10-fold in H 2 O and qPCR was performed conditions and primers described in Supplementary Materials and Methods. pulldown. N2 embryos were homogenized in 2 volume of lysis buffer (25 mM Hepes-KOH pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 10% glycerol, 0.5% Triton X-100 and protease inhibitors) using 30 strokes from a stainless steel homogenizer. 20 l T1 streptadividin beads were pre-incubated with biotinylated 2 -OMe oligonucleotides (10 pmol) for 15 min at 22
-O-Methyl
• C in B&E buffer according to manufacturer's instruction. Extract was spun at max speed for 10 min in a tabletop centrifuge at 4
• C three times. Supernatant was incubated with the streptavidin beads for 30 min at 22
• C. Beads were washed three times using ice-cold lysis buffer containing 0.1% Triton X-100 and 2 mM DTT, followed by a wash without detergent and 2 mM DTT. Beads were resuspended in 1 volume of 2× SDS loading buffer and eluted by heating at 95
• C for 3 min. At least one fifth of the proteins is loaded on gel and analyzed by western blot.
Western blotting. Antibodies used during this study were: rabbit polyclonals against ALG-1/2, ALG-1, DCR-1, AIN-1 and; mouse monoclonal against GFP (Roche), Tubulin and M2 anti-FLAG (Sigma). Goat HRP-conjugated antirabbit and anti-mouse were used as secondary antibodies. For quantitative western blots, proteins were transferred to Immobilon-FL, blocked and blotted in Odyssey blocking buffer (PBS) (LI-COR). The proteins were detected with either IRDye C 800CW Goat anti-rabbit IgG or IRDye C 680RD Goat anti-mouse antibodies according to the manufacturer's instructions.
Modeling of the miRISC-miRISC complex
We modeled cooperative complexes starting from C. elegans Argonaute sequences and secondary miRNA-target duplexes. Our model construction is based on the algorithm we developed previously to construct miRISC structures (30) and a method for merging miRISCs. Briefly, to construct miRISC structures, we generated up to 1000 3D duplex conformations for each miRNA-target duplex using the MCSym algorithm (31) , used the Modeller software to produce homology models for ceALG-1 and ceALG-2, sampled open Ago conformations using an elastic network model theory, docked each duplex conformation to each open Ago conformation, and screened for favorable miRISC structures with minimal steric clashes, followed by structure refinement using energy minimization. For ceALG-1/2 modeling, we used both hsAGO1 and hsAGO2 crystal structures. ceALG-1/2 and hsAGO1/2 share ∼67% sequence identity, which exceeds the 50% sequence identity threshold for Modeller to generate reliable homology models. Superimposed structures of hsAgo1/ALG-1 and hsAgo2/ALG-2 have RMSD values of 3.0 and 1.5Å, respectively. In subsequent analysis, we chose the more accurate ALG-2 model for building cooperative complexes. Next, the two bound miRISC units were merged by modeling the possible conformations of CUU linkers connecting the two miRNA target sites, based on ∼2000 observed single-stranded CUU fragments in the PDB database. We selected and energy minimized conformations of the merged miRISCs with the fewest steric clashes. This miRISC merging method predicted a cluster of closely related miRISC-miRISC conformations, which were used in subsequent analysis.
Computational screening of point mutations at the cooperative interface
For mutational analysis, we used the predicted miRISCmiRISC conformations to define four five interacting residues (C ␣ -C ␣ distance: <7Å) between adjacent ALG-2 structures. The interacting residues in ALG-2 are: Arg471, Arg487, Gln730 and Gln748. In ALG-1 the homologous residues are Arg566, Arg581, Gln824, and Gln842. We performed exhaustive point mutations for each residue using pymol's mutagenesis function for a total of 95 mutant complexes. The mutant complexes were then energy minimized and their binding free energies computed using a method we described previously (32) . Selection of candidate complexes for experimental verification was based on the magnitude of change in binding energy ( G) and residue conservation.
RESULTS
Alternative 3 UTRs reveal a functional non-canonical miRNA-binding site
Several of the miR-35-42 and C. elegans Bantam (miR-58, miR-80-82) miRNA target genes identified in a previous cell-free functional survey (24) encode multiple 3 UTR isoforms. This diversity was also reflected by recent transcriptome-wide 3 UTR capture analyses (33, 34) . One of those targets, toh-1, is expressed as four distinct 3 UTR isoforms, produced by alternative polyadenylation (APA) sites ( Figure 1A ). Strikingly, in each case the APA site maps within five nucleotides upstream of the seed-complementary sequences of predicted and confirmed miRNA-binding sites (Supplementary Figure S1) . We took advantage of the diversity of toh-1 3 UTRs to examine the impact of APA on the function of the miRNA-binding sites. Individual 3 UTR isoforms were fused to the Renilla luciferase (RL) open reading frame (ORF) and analysed for miRNA-mediated deadenylation and translational repression using a cell-free extract derived from C. elegans embryos. Consistent with previous data, full-length (FL) toh-1 3 UTR directed rapid deadenylation (time of halfdeadenylation (T 1/2d ) 40.2 ± 1.4 min, Figure 1B and C). This 3 UTR encodes cooperating sites for the Bantam and miR-35-42 families in its 5 most portion. The m232 and m86 3 UTR isoforms are predicted to maintain the cooperative interaction between miR-35-42 and Bantam families, and were efficiently deadenylated (T 1/2d 42.4 ± 2.3 min and 34.7 ± 1.4 min, respectively; Figure 1C ). Interestingly, the m232 3 UTR is deadenylated slightly faster than the FL 3 UTR. This indicates that while shortening of 3 UTRs can lead to loss of miRNA-binding sites, it can also potentiate the deadenylase output driven by sites advantageously relocated near the poly(A) tail.
Algorithm prediction with a strong weight on the seed contribution identified a single miRNA-binding site (targeted by Bantam) in the shortest isoform of toh-1 (m35; Figures 1A) . Such an extreme shortening of the 3 UTR by APA would be expected to break cooperative interactions between the Bantam and miR-35-42 binding sites. However, the m35 3 UTR still directed deadenylation, albeit at a slower pace in comparison with the other isoforms (T 1/2d 122 ± 9 min, Figure 1C and D). Deadenylation of this isoform was unexpected, as a single miRNA-binding site is insufficient to trigger deadenylation or silencing of reporters in this system (24) . Deadenylation and translational repression of a RL-toh-1-m35 reporter was still dependent on Bantam recognition, as it was inhibited by anti-miR-58 2 -O-methylated (2 -O-Me) oligonucleotides (35) and remained unaffected by non-specific anti-miR-1, anti-miR-52 or anti-miR-87 2 -O-Me oligonucleotides ( Figure 1D , and data not shown). No miRNA-binding site matching known seed sequences could be identified, even when allowing for G:U wobble base-paring.
Surprisingly, both deadenylation and translational repression of the m35 3 UTR were specifically prevented by an anti-miR-35 2 -O-Me ( Figure 1D , and Supplementary Figure S1 ). We thus hypothesized that seed-oriented prediction may have missed non-canonical miRNA-binding site(s) that contribute to the deadenylation of the m35 3 UTR isoform. Upon examination with the RNAhybrid prediction algorithm (36), three candidate seedless base pairing sites for the miR-35-42 miRNA family were identified (ss1, ss2, ss3). The candidate sites were predicted to base-pair with G min of -18.7 kcal/mol (ss1), -23.2 kcal/mol (ss2) and -16.2 kcal/mol (ss3) ( Figure 1E ). We mutated each of these candidate sites (mutations introduced are indicated in red in Figure 1E and Supplementary Figure S1 ) and tested the mutant 3 UTRs in deadenylation assays. Mutation of ss3 prevented m35 deadenylation, while mutation of ss1 and ss2 had no detectable effect ( Figure 1F , Supplementary Figure S1 ). Thus, both the seed-pairing Bantam and the seedless ss3 sites are required to direct miRNA-mediated deadenylation of the toh-1 m35 3 UTR. However, neither alone is sufficient to enable deadenylation. Taken together, these results suggest that seedless miRNA-binding sites can cooperate with seed-pairing sites to trigger miRNA-mediated deadenylation and translation repression.
The ss3 seedless site features unpaired nucleotides in the seed-complementary region at positions 2 and 5 of miR-35, the best-matching miRNA of the miR-35-42 family. It bears a central bulge at positions 9 and 10 and extensive 3 base pairing with a single bulge in the 3 half of the site at position 16. Additionally, ss3 presents three possible G:U wobble pairs at positions 11, 18 and 21 of the miRNA (Figure 2A) . Moreover, the 5 -most portion is well conserved across close nematodes species (Supplementary Figure S1 ). This conformation is not compatible with recently described centrepaired sites (19) or with the pivot seed conformation (18) . We mutated each base-paired region of ss3 and tested the resulting 3 UTRs in deadenylation assays ( Figure 2B ). Mutation of any of the regions--5 (seed-pairing), Mid (matching nts [11] [12] [13] [14] [15] , and 3 (nts 17-21)--effectively prevented target deadenylation, indicating strict base pairing and/or struc- tural requirements. Strikingly, the 3 -most base-paired nucleotide of ss3 is located only 1 nucleotide away from the first nucleotide matching the seed region of Bantam. Increasing the distance between the two sites by a few nucleotides substantially slowed deadenylation ( Figure 2C ). T 1/2d increased from 169 min to 264 and 399 min when two or six nucleotides were introduced between the sites, respectively ( Figure 2C ). This result indicates that the cooperative interaction between the Bantam and ss3 sites is extremely sensitive to the spacing of the sites. Furthermore, restoring the seed-pairing nucleotides of ss3 (nucleotides 2 and 5) resulted in potent acceleration of reporter deadenylation ( Figure 2D , seed restore panel). In contrast with the ss3 base-pairing requirements, un-pairing the 3 -most nucleotides of the miR-35-binding site in the seed-restored cooperative pair significantly accelerated deadenylation (Figure 2D , seed restore + 3 mut). Nucleic Acids Research, 2017, Vol. 45, No. 12 7217 To determine if the cooperative configuration of the Bantam-ss3 site pair of the toh-1 m35 3 UTR isoform is transposable to other miRNAs, we converted ss3 into a miR-72-binding site. Based on library sequencing (37), miR-72 is abundant in C. elegans embryo, although to a lesser extent than the miR-35-42 family. Introduction of a seedless miR-72-pairing site in this context, designed based on the positioning of base-paired nucleotides of ss3, successfully instigated target mRNA deadenylation, although more slowly than WT m35 UTR isoform (Supplementary Figure S2) . Conversion into a seed-pairing site potentiated deadenylation, with no significant effect of duplex formation on the 3 -most nucleotides of miR-72 or of enriching G:U wobble base-pairing (Supplementary Figure S2) . Overall, these data show that certain configurations of seedless sites allow cooperation with seed-pairing sites in driving target deadenylation and silencing, and that close proximity permits cooperation between a seedless and a seed-pairing site or between two seed-pairing sites. These results further indicate that the potency of seedless miRNA-binding sites and/or their base-pairing requirements in cooperation may be miRNA-specific.
Cooperative recruitment of miRISC to a non-canonical miRNA-binding site
To investigate the interactions involved in this cooperative configuration of miRNA-binding sites, we used biotinylated 2 -O-Me oligonucleotides that mimic a single site or pairs of sites encoded in the m35 3 UTR isoform as pulldown baits (24) . Various biotinylated 2 -O-Me oligonucleotides were incubated in embryonic extracts, pulled down using streptavidin beads, and miRISC capture was probed by western blotting against the miRNA-dedicated Argonautes ALG-1 and ALG-2 and the GW182 homologs AIN-1 and AIN-2 ( Figure 3A, Supplementary Figure S3) . A single bulged site matching the miR-35-42 family or the toh-1 Bantam site efficiently captured embryonic miRISC, while a non-specific bait matching human miR-16 did not ( Figure 3A) . Strikingly, a biotinylated mimic encoding the seedless miR-35 ss3 site failed to capture miRISC on its own (toh-1 ss3 lane compared to miR-35 lane). This observation raises the possibility that miRISC occupation of the neighbouring seedpairing Bantam site is required to recruit the miRISC to the additional ss3 site ( Figure 3A, upper panel) . To test this hypothesis, we examined miRISC capture using baits mimicking the m35 3 UTR pair of sites or baits where each site was individually mutated ( Figure 3A , double site pulldown lanes). A bait encoding the cooperating m35 Bantam and ss3 sites was more efficient than a single Bantam site in miRISC capture (Bantam +ss3 lane). Mutation of the ss3 site in the pair of cooperating sites resulted in a reduction in miRISC capture by the remaining Bantam site (Bantam +ss3 mut lane), indicating that ss3 contributes to recruiting miRISC in the double site bait. When the Bantam site was incapacitated while leaving ss3 intact, no miRISC could be captured, again indicating that ss3 cannot recruit miRISC on its own (Bantam mut + ss3 lane). Finally, restoring the seed-pairing sequence of ss3 enhanced miRISC capture far beyond any of the single or double site baits. Displacement of miRISC from individual sites using competitor DNA with its seed restored. Pulled-down miRISC components ALG-1/2, AIN-1 and DCR-1 were analyzed by western blot. Note that data presented in the lowest panel was generated using the ain-2:gfp transgenic strain in a distinct pulldown experiment (dotted line). (B) Seedless and seed-pairing sites cooperate in miRISC recruitment to the mRNA target. ss3 is required for m35 3 UTR deadenylation but cannot recruit miRISC on its own, and relies on neighboring Bantam site for recruitment. See also Supplementary  Figure 3. oligonucleotides, or quantitation using near-infrared detection, led to similar results (Supplementary Figure S3) . Recruitment of the miR-35 miRNA to the ss3 site was further confirmed by qRT-PCR (Supplementary Figure S3 , see also Materials and Methods), and this interaction was lost upon mutation of either the Bantam or ss3 sites in the bait. Overall, our data demonstrate that the ss3 seedless site is incapable of recruiting miRISC on its own, but proximity to the neighboring seed-pairing site facilitates the cooper-ative miRISC recruitment to the seedless site and triggers miRNA-mediated deadenylation ( Figure 3B ).
Cooperation between miRNA-binding sites is required to recruit Ccr4-Not and for silencing in the C. elegans embryo
The properties of Bantam/ss3 pair of sites highlights the importance of cooperative interactions for the recruitment of miRISC to target mRNAs, but how these interactions trigger deadenylation or potentiate silencing is unknown. We recently showed that recruitment of the Ccr4-Not complex to miRNA-binding sites occurs subsequent to the binding of miRISC components ALG-2 and AIN-1 (29) . To determine if cooperative interactions are required to recruit Ccr4-Not to target mRNAs, we performed Deadenylated RNA ImmunoPrecipitation (DRIP) (29) assays on reporter mRNAs encoding increasing copies of miRNAbinding sites (Figure 4A-C) . For this, strains expressing 3xFLAG tagged versions of ALG-2 and NTL-1 were engineered by editing their endogenous genomic loci with CRISPR-Cas9 (Supplementary Figure S4) , and cell-free embryonic extracts were derived (24) . Capped, polyadenylated RL mRNAs encoding 0, 1, 3 or 6 miR-35-binding sites were incubated in extracts for 2 h, ALG-2 (miRISC) and NTL-1 (Ccr4-Not) were immunoprecipitated through their 3xFLAG tag, and interacting reporter mRNAs were quantified by qRT-PCR. A single miRNA-binding site was sufficient for ALG-2 to bind to reporter mRNAs, and binding increased significantly with 3 and 6 miR-35-binding sites ( Figure 4B ). While no significant NTL-1 interaction with mRNA reporters could be detected with a single miR-35-binding site, 3 or 6 binding sites enabled interaction with NTL-1 ( Figure 4C ). Taken together, these results indicate that the recruitment of the Ccr4-Not complex requires cooperative miRISC interactions on multiple miRNA-binding sites (24) . We note, however, that this specific design does not allow a clear distinction between additive and cooperative binding of miRISC to seed-pairing sites.
To determine the importance of cooperative mechanisms for miRNA-mediated silencing in vivo, we designed an assay based on the activity of endogenous embryonic miRNAs on an edited endogenous mRNA locus. Loss-offunction mutations in sel-1 genetically suppress the lethality of the temperature-sensitive glp-1(e2142) allele in the Notch/Delta cascade ( Figure 5A) (38, 39) . Using CRISPRCas9, we engineered strains encoding sel-1 loci bearing 1, 2 or 3 binding sites within their 3 UTRs for the abundant embryonic miR-35-42 miRNA family. Suppression of the temperature-sensitive glp-1(e2142) allele at its nonpermissive temperature was thus made to depend upon miRISC activity ( Figure 5B and Supplementary Figure S5) . Mutant glp-1(e2142); sel-13 UTR variant animals were grown at permissive (16 • C) or non-permissive (21 • C) temperature, and live progeny were counted ( Figure 5C and D). A single miR-35-binding site embedded within the sel-1 3 UTR did not suppress glp-1(e2142) lethality at either temperature (0× versus 1×). However, strains wherein 2 or 3 miR-35-binding sites where embedded within the sel-1 3 UTR significantly suppressed glp-1(e2142) embryonic lethality at both 16
• C ( Figure 5C ) and 21
• C ( Figure 5D ).
We conclude that, as observed in vitro, cooperativity between miRNA binding sites is required for silencing in vivo in an embryonic context.
A predicted miRISC-miRISC cooperative interface is required for miRNA function in vivo
We recently published a computational method to model three-dimensional (3D) structural conformations of targetbound miRISC (30) . Using this method, we modeled the possible conformations of the two Argonaute proteins bound to the cooperative Bantam/miR-35 target site pair from the toh-1 3 UTR ( Figure 6A ). We first generated a homology model of the C. elegans ALG-2 protein structure based on the crystal structures of the conserved hsAgo1 and hsAgo2, which share 67% sequence identity with ALG-2 (Supplementary Figure S6) . The hsAgo2/ALG-2 overlap has an RMSD of 1.5Å, whereas a similar modeling of ALG-1 produced a less accurate model (∼3Å); hence we performed all subsequent modeling using ALG-2, which shares ∼86% sequence identity with ALG-1 overall and 94% identity within the MID/PIWI domains (Supplementary Figure S6 ). We then modeled the RNA duplex structures of miR-80 (a Bantam family miRNA) and miR-35 with their cognate toh-1 binding sites using the MC-Sym algorithm (31) . Each duplex was docked in ALG-2 in an 'open' conformation obtained through an elastic network model that simulates relative motions of the lobes in the protein structure that have some flexibility. Favorable complexes with minor steric clashes were then refined using energy minimization (30) . Next, the two bound miRISC units were merged by modeling the possible conformations of CUU linkers connecting the two sites, based on ∼2000 observed single-stranded CUU fragments in the PDB database. We selected and energy minimized conformations of the merged miRISCs with the fewest steric clashes. These favorable complexes fall into two structural groups: structures with and without ALG-2/ALG-2 interactions. For structures without ALG-2 interactions, we found only a couple of single conformations with severely bent CUU linkers. For structures with ALG-2 interactions, we found a cluster of (five or more) closely related conformations with the linkers adopting the typical conformation in a helix. Due to their common occurrence, we chose members of this structural group for subsequent analysis. These models can accommodate two miRISCs in close proximity on the same 3 UTR ( Figure 6B ) and reveal a distinct RNAdependent interface between the cooperating Argonautes. In the modeled configuration, an entire surface of the miR-35-bound miRISC (downstream on the mRNA sequence) is closely juxtaposed with the (upstream) miR-80-bound miRISC. The interface is formed by peripheral residues of the PIWI/MID domain that are in close proximity between the two Argonautes and appear to interact through two putative helices (E513-D530 and F726-M742 in ALG-2; E607-D623 and F820-M836 in ALG-1) and nearby loop residues ( Figure 6C ). To test the hypothesis that this putative interface constitutes a functional determinant for cooperative miRISCmiRISC interactions, we computationally identified permutations of conserved residues that would be expected to impinge on their interactions (Supplementary Figure S6) . Our exhaustive computational screen of point mutations focused on residues located in or near the two interfacing helices in the models. We identified the following four mutations producing the most significant changes in ArgonauteArgonaute binding affinity in silico: R487N and R471K in the upstream ALG-2 and Q730I and Q748K in the downstream ALG-2. Genetically, alg-1 and alg-2 partially compensate for each other, but only alg-1 null alleles exhibit low penetrance of the gross embryonic or larval phenotypes associated with miRNAs (40, 41) . We reasoned that mutations in alg-1 would be more informative about the role of the cooperative determinant residues in miRNA function in vivo. We thus engineered the corresponding mutations in alg-1 using CRISPR-Cas9 genome editing, resulting in variants Nucleic Acids Research, 2017, Vol. 45, No. 12 7221 R581N, R566K, Q824I and Q842K of ALG-1 ( Figure 6B and C).
Three strains harboring the engineered variants--R581N, Q824I and Q842K--displayed a lower brood size (Supplementary Figure S7) , and were associated with vulval bursting at the L4-to-adult transitions ( Figure  7A ), a telltale phenotype for defects in the repressive functions of let-7 on lin-41 (42) . Whereas this phenotype is rare in WT (N2) animals (<1%), the engineered ALG-1 cooperative interface variants exacerbated bursting at 25
• C (6.0, 2.4 and 3.3%, for R581N, Q824I and Q842K, respectively). Compounding mutations with alg-2(ok304) significantly exacerbated the penetrance of this phenotype, especially for the R581N variant (27.1, 5.5 and 4.0% bursting, respectively). In contrast, the ALG-1(R566K) variant did not lead to any significant effect under the same conditions.
To examine the physiological significance of the putative cooperative interface for the function of miRNAs in a different context, we tested the engineered mutations for genetic interactions with a hypomorphic lsy-6 allele. The lsy-6 miRNA determines the left/right asymmetry of ASEL and ASER neurons during embryogenesis by targeting cog-1, a suppressor of ASEL fate (43) . The cog-1 mRNA encodes several target sites for embryonic miRNAs, two of which are recognized by the lsy-6 miRNA. The lsy-6(ot150) hypomorphic allele results in reduced lsy-6 expression and a partial, temperature sensitive, loss of ASEL. The resulting defects can be tracked using plim-6::GFP, a transcriptional reporter that serves as an indicator for successful cog-1 silencing by lsy-6 miRNA. This sensitized miRNA functional assay has been extensively used to look at genetic interactions with the miRNA pathway (28, (44) (45) (46) . For example, a null allele of alg-1 results in loss of ASEL in about 50% of lsy-6(ot150) individuals at the permissive temperature (20 • C), compared to 15-20% in the alg-1(wt) background (45) . In contrast, null alg-2 alleles do not appreciably affect ASEL determination (Supplementary Figure S7) , indicating that repression of cog-1 by lsy-6 is mainly mediated through alg-1. Interestingly, strains encoding the R581N, Q842K, and Q824I variants of ALG-1 exhibited 38, 42 and 34% loss of ASEL at 25
• C, respectively ( Figure 7B ), whereas the R566K variant did not affect the incidence of ASEL fate. These results indicate that residues R581, Q842 and Q824 of ALG-1 are required for lsy-6-directed silencing of cog-1.
The four tested residues were identified on the basis of their location and contacts in a modeled miRISC/miRISC cooperative interface. To understand the mechanistic implications of the putative interfacing residues on miRISC function, we first tested their importance for miRISC proteinprotein interactions and for target site recognition. miRISC capture using miR-35 and Bantam 2 -O-Me target site analogs were carried out on embryonic lysates derived from alg-2(ok304) animals and double mutants expressing the ALG-1 variants Q842K, Q824I and R566K ( Figure 7C ). No major difference in expression or miRISC capture could be observed with phenocritical ALG-1 variants. Furthermore, miR-35 expression levels were not reduced in the variant genotypes (Supplementary Figure S7) . miRISC capture carried out on young adult lysates using let-7 baits led to similar results ( Figure 7D, Supplementary Figure S7) . Although we cannot account for minor differences with these techniques, these results indicate that ALG-1 variants retained their proficiency in maturing miRNAs and in finding cognate targets.
Interfacing residues are located in the vicinity of but do not overlap with the tryptophan pocket of ALG-1, the conserved GW182-binding determinant ( Supplementary Figure S6 ). As such, the investigated variants are not expected to directly impact on AIN-1 binding. ALG-1 variants were immunoprecipitated from embryonic lysates, and interaction with the GW182 homolog AIN-1 was monitored by western blotting. Interactions of R566K, R581N and Q842K with AIN-1 were indistinguishable from WT(N2) in this assay. Unexpectedly, Q824I impaired ALG-1 coimmunoprecipitation with AIN-1 (Supplementary Figure  S7) , and impinged on recovery of AIN-1 in miRISC captures ( Figure 7C ), suggesting that this residue indirectly participates in the interaction with AIN-1 or is involved in its stabilization in the miRISC complex. Together, these results demonstrate that although the R581 and Q842 residues are required for miRNA function in vivo, they do not substantially affect the individual functions and interactions of miRISC in vitro. The effect of Q824I on AIN-1 interaction, and the proximity of this residue with R581 and Q842, nonetheless support a model wherein the influence that the cooperative miRISC-miRISC interactions exert on the effector Ccr4-Not complex is conveyed through the AIN-1 miRISC scaffold ( Figure 7E , see also Discussion). To begin testing this model, we derived extracts from embryos expressing the ALG-1(R581N) variant in the alg-2(ok304) null background and examined its deadenylase activity on a 3xmiR-35 reporter. Deadenylation driven by the ALG-1(R581N) variant was slower than in the control extract ( Figure 7F ). We conclude that residues and contacts implicated in the modeled miRISC-miRISC interface are involved in the cooperative recruitment and/or activation of the miRISC effector complex.
DISCUSSION
Prediction algorithms often portray mRNAs as targets for multiple miRNAs, sometimes dozens, often clustered in contiguous portions of 3 UTRs. When considering the additional regulatory layers intertwined in the sequences and structures of 3 UTRs, the possibility of functional and mechanistic interplay -both positive and negative -between mRNAs, miRISC and RNA-binding proteins appears unavoidable. In line with earlier genomic surveys, our previous study in a C. elegans embryonic cell-free system responsive to natural 3 UTR sequences hinted at the cooperative contribution of miRNA-binding sites in target deadenylation. The molecular basis for their cooperation, however, remained elusive. Here, the properties of a noncanonical miRNA-binding site in a 3 UTR isoform were instrumental in uncovering multiple mechanisms of miRNA cooperation.
An allosteric model for miRNA-mediated silencing
Our results substantiate and untangle two distinct cooperative mechanisms. First, target-bound miRISC favors additional Argonaute protein recruitment. This mechanism is Ccr4-Not essential for the recruitment of miRISC to at least a subset of non-canonical sites, which cannot recruit the complex on their own. It is conceivable that target binding enables Argonaute-Argonaute contacts that favor the cooperative recruitment of additional miRISC to additional miRNAbinding sites. Such an interaction should be distinct from a steady state, or static dimer; interaction of a loaded Argonaute with a first target site must alter its structure to favor interactions with other miRISC units. Although our design did not specifically address the importance of these interactions among seed-binding sites, it had already been supported by prior work using mammalian cell reporters (23) .
Second, we show that target site cooperation is necessary for the recruitment and/or stabilization of the Ccr4-Not effector complex to target mRNAs. For this to happen a signal must be conveyed from the cooperative binding sites to the Argonaute-Argonaute interface, and in turn to AIN-1 in order to license the recruitment of the Ccr4-Not effector complex. However, we cannot assume that the recruitment of Ccr4-Not to a physiological target mRNA is sufficient to trigger its deadenylation, nor should we expect that different miRNA-binding site configurations drive the same degree of translational repression, mRNA deadenylation, and decay. As such, an additional and distinct mechanism may involve the allosteric activation of one or more of the activities associated with the Ccr4-Not effector complex ( Figure 7E ). Common to all three postulated mechanisms are changes in Argonaute structure driven by cooperative miRNA-binding sites, which result in the regulation of allosteric interactions. We propose that the contacts or structural changes that involve the conserved R581 and Q842 residues of ALG-1 participate in one or more of those cooperative mechanisms.
Other non-mutually exclusive models remain plausible to explain miRNA cooperativity. For example, cooperativity may also involve structural changes to AIN-1, or to the target mRNA within or around the interacting sites. Furthermore, and although two distinct mechanisms of cooperativity are essential for the properties of the Bantam/ss3 pair of sites, cooperativity in binding may not always be required for cooperativity in effector recruitment or activation. Some cooperative site configurations may exploit only one of these mechanisms, a combination, and possibly new ones.
Several recent publications have highlighted the flexible and dynamic nature of the Argonaute structure (30, (47) (48) (49) . The outlined allosteric model provides a conceptual framework to explain how this inherent property of Argonautes can play a crucial part in its interactions and functions. This model also contrasts with prior models that featured static and stoichiometric interactions between the miRNA, its target, the Argonaute, GW182 proteins and the Ccr4-Not effector. Part of those differences likely stem from the limits of early approaches in the resolution of miRISC dynamics. Assays such as the tethering of miRISC proteins to reporter mRNAs and interaction assays using recombinant fragments, however insightful to identify important interactions and functions, may have contributed to this oversight. The emerging quantitative single-molecule imaging methods will likely contribute to further disambiguate the stoichiometry and the dynamic nature of miRISC and its Ccr4-Not effector assemblies in situ.
A role for non-canonical binding sites in cooperative miRNAmediated silencing Recent publications support both the frequent incidence and the functional importance of non-canonical miRNAbinding sites in transcriptomes (17, 50, 51) . The cooperative seed-pairing/seedless configuration presented here suggests that at least a subset of non-canonical sites participates in cooperative mechanisms of miRISC recruitment and/or in potentiation of silencing. Because of the degenerate nature of miRNAs outside the seed, it is likely that critical determinants of non-canonical sites will be specific to individual miRNAs/target sites. Additional factors such as the number of non-canonical miRNA-binding sites that can be simultaneously involved, or the directionality of their configurations, remain to be explored. Until those requirements are defined, the prediction of non-canonical sites will remain a challenge and their prevalence will remain unclear. Furthermore, distinct modes of non-canonical pairing may lead to qualitatively different outcomes. For example, a recent publication showed that extensive 3 pairing of miRNAs involved in non-canonical binding sites could lead to their de-stabilization in vitro (52) .
The current work indicates that some of the principles underlying non-canonical target sites may only be appreciable in the context of the target-bound miRISC. For example, the important contribution of 3 base-pairing in noncanonical sites (50) evokes a role for the PAZ domain of the Argonaute, which binds the 3 sequence of miRNAs (53) . The interactions of this domain with the miRNA are profoundly reorganized as a consequence of 3 base pairing (54) . 3D modeling using the methods exploited here can shed light on the structural constraints within miRISC and on the determinants that enable distinctive base-pairing conformations. Detailing the binding kinetics of individual and cooperating binding sites could validate the predicted structural models and contribute to further resolution of the intrinsic movements that underlie miRISC functions. The recent identification of functional differences between miRNA paralogs on canonical sites, dictated by nucleotides outside the seed, suggest that such an approach could be fruitful with seed-pairing sites as well (16) .
On the prevalence of miRNA cooperativity
The results of our in vitro and in vivo assays support a strong contribution for cooperative mechanisms in miRNA-mediated silencing in the C. elegans embryo and larval stages. Cell-free deadenylation in embryonic lysates and in vivo sel-1/glp-1 suppression assays suggest that, at least in some contexts, cooperativity may be strictly required for miRNA function. Although the presence of multiple nearby sites is not proof of cooperativity, many important C. elegans miRNA targets feature multiple functional binding sites. Seven sites for lin-4 were linked to lin-14 regulation, several of which non-canonical (55, 56) , lin-28 is regulated by nearby lin-4 and let-7 sites (57,58), lin-41 mRNA encodes two functional let-7 sites (42,57), and cog-1 3 UTR bears two functional lsy-6 sites that may also function cooperatively (59) . In spite of this apparent prevalence, miRNA cooperativity is clearly not an evolutionary specialization of miRNA-mediated silencing in C. elegans. Cooperativity had been noticed early on with artificial reporters in mammalian cultured cells (60) and in several genome-wide surveys of the output of miRNA-binding sites (21) .
Furthermore, cooperativity may not be necessary for miRNA function in all contexts and several mechanisms can be envisioned to modulate its importance. For example, miRISC subunits and co-factors can be expressed or associated differentially in a cellular or tissue-specific manner. Alternatively, one of the many conserved phosphorylation sites on Argonautes that have recently been identified (61) (M.J. Simard, personal communication) may instigate the allosteric changes necessary to recruit the effector complex. Animal development requires extreme spatio-temporal control of gene expression. A consequence of a strictly cooperative action of miRNAs is that it precisely limits their activity to a window wherein multiple miRNAs and their targets are associated with a coordinated stoichiometry. In contrast, a fully differentiated tissue may not require such fine-tuning. The identification of conserved cooperative determinants in this study will enable a perspective of the breadth of the cooperative functions of miRNAs across cells and species.
In outlook, the cooperative mechanisms substantiated in this paper will likely extend much beyond miRISC-tomiRISC interactions, and influence the combinatorial regulation of mRNAs more generally. A growing number of examples of functional cooperation have been reported wherein RNA-binding proteins can enhance miRNA functions (46, 62, 63) . Genomic insight into the location and frequency of binding sites for RNA-binding proteins is rapidly expanding through in vivo cross-linking methods for RNAbinding proteins coupled with next-generation sequencing. Such methods hold great promise in capturing the complexity of the interplay between regulatory sequences encoded in 3 UTRs.
